The radial and cross sections of wood samples from individual trees of known age of African Acacia species were examined for growth rings. These were apparent in most species as narrow bands of marginal parenchyma filled with long crystal chains. The crystals were subsequently identified as calcium oxalate through the use of a scanning proton microprobe. Several other chemical elements were concentrated around this zone. The number of parenchyma bands formed annually corresponded to the number of peaks in the annual rainfall distribution. These results suggest that the presence of marginal parenchyma bands and crystalliferous chains define growth phases in African Acacia species, and can be used for age determination.
Introduction
Following exploratory work at the Oxford Forestry Institute with naturally grown Acacia bussei from Somalia (Gammadid 1989) , Gourlay and Kanowski (1991) and Gourlay (1992) reported the presence of marginal parenchyma bands in other African Acacia species. The occurrence of these bands corresponded with peaks in rainfall distribution; the marginal parenchyma bands being produced at the onset of the dry season. Crystalliferous chains were concentrated within these marginal parenchyma bands.
The presence of calcium oxalate crystals in woody tissue is quite common, and their size, quantity and distribution may be used in wood anatomical identification and classification (Chattaway 1937; Metcalfe & Chalk 1950; IAWA Committee 1989) . Zindler-Frank (1987) surveyed the occurrence of calcium oxalate crystals in the Leguminosae, and found that they were widespread throughout the family, usually being found one to a cell. In the Mimosoideae and Papilionoideae, crystals are usually solitary, prismatic or elongated, rarely needle-shaped and never in bundles. In the Caesalpinioideae druse crystals also occur.
Crystals in African Acacia species have been documented by several authors (Chattaway 1956; Fahn 1959; Cutler 1969; Parameswaran & Schultze 1974; Wattendorff 1978; Robbertse et al. 1980; Fahn et al. 1986 ). Probably the most recent and detailed research describing the presence and distribution of crystals in Acacia is that of John (1990) . She found that, in A. nilotica (L.) Willd. ex Del. subsp. kraussiana (Benth.) Brenan from Swaziland, growth rings were sometimes indistinct but usually were marked by a band of marginal parenchyma, and that the latewood frequently was rich in crystalliferous cells. She observed that the chemical composition or the physical structure of fibre walls often changed abruptly at growth ring boundaries and that the quantity of crystals appeared to increase both in the latewood and on certain sites with a high level of exchangeable calcium. However, crystal numbers per unit area varied on sites with similar soil types and with the same levels of calcium and mag-l38 IAWA Journal, VoL 15 (2), 1994 * = In samples originating from bimodal climate zones, the number of marginal bands was approximately twice the expected age of the tree. These bands are commonly close together, and often only partially formed around the circumference of the growth zone. A pattern of one major wet period followed by one lesser, or perhaps absent wet period constitutes a year and is reflected in a wide growth ring followed by a narrow one. Elucidation of this pattern in areas of bimodal rainfall distribution obviously requires relatively precise information describing the origin of a particular sample and close examination of the growth zones.
(1) = Discrepancies, usually in the order of only two or three years between (1) and (2) can be attributed to factors such as missing the centre with increment core samples and variation in time for establishment, initial seedling damage, or transplanting age.
(2) = As determined by marginal parenchyma bands and crystalliferous chains.
nesium. The only observable difference in these sites was water availability. Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDXA) can be used to identify the major chemical constituent of crystals in wood tissue (Gray & Cote 1974; Furuno & Cote 1983) . Initial analyses of crystals in Acacia species wood by EDXA indicated that their major component was calcium. However, organic compounds cannot be detected by this method.
The present Oxford Scanning Proton Microprobe (SPM) Analytical Facility was set up with its own independent 5SDH-2 tandem accelerator and probe-forming lens system in 1988 (Watt & Grime 1987 ) and has been applied to a diverse range of samples largely in medicine and biology Watt & Landsberg 1993; Watt et al. 1993 ), but also in environmental science and archaeology (Grime & Watt 1993) , earth sciences (Fraser 1990 ) and material science (Breese et al. 1992) . Previous work at Oxford on tree and plant pathology and wood anatomy includes studies of pine roots under fungal attack (Bonello et al. 1991) , metal uptake by sphagnum moss (Watkinson & Watt 1992 ) and preservative uptake in Malaysian hardwoods (Wong 1993) .
The age of most temperate tree species can be estimated accurately by counting the annual rings revealed by concentric circles in the wood. In the tropics and sub-tropics, this growth periodicity is seldom as clearly defined. This research investigates whether any wood anatomical feature delimits annual periods in the African Acacia species. This genus is one of the most widely distributed in the semi-arid and arid areas of Africa.
Knowledge of age and growth rates of tropical trees is necessary for a more complete understanding of forest dynamics, and therefore, their sustained management. Few researchers to date seem to have approached the problem of age determination in tropical trees by first examining planted trees with known histories. The advantage of this approach is that after confirming a discernable annual growth pattern in the wood anatomy of material of known age, the techniques employed can be transferred to naturally grown material of unknown age of the same species.
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Materials and Methods
General
The first priority of the study was to obtain samples of trees of known age and management history of indigenous African Acacia species. Where felling of the tree was possible the preferred sample was a whole disc or log from the main stem of the tree. In the cases where trees could not be felled, but the material appeared to be suitable and was well-documented, samples were collected as increment cores. The increment cores were 5 mm in diameter and the height of the tree at the point of all sampling was 1.3 m above the ground. Table 1 shows details for the 15 African Acacia species sampled by these methods.
Samples without documented management histories were also examined from a further 58 specimens of 45 African Acacia species, subspecies and varieties from xylarium samples donated by the Madison Wood Collection (MADw), the Oxford Forestry Institute's Wood Collection (FHOw) and the Wood Collection of the Royal Botanic Gardens, Kew (Kw).
The sample discs or cores were polished on a belt sander with four grades of grit to a high standard of clarity. In the case of discs, two or more radii were examined under a light microscope at a magnification of approximately x 20. For core samples, only one radius was sampled, prepared, and examined, as above. The narrow marginal parenchyma bands were identified, marked and counted. The term 'marginal parenchyma' is used throughout this work in accordance with the 'lAW A List of Microscopic Features for Hardwood Identification' (lAW A 1989) viz.: parenchyma bands that form a more or less continuous layer of variable width at the margins of a growth ring or are irregularly zonate. This feature can often delimit growth in tropical woods as it may appear more clearly defined than vessel boundaries or other anatomical features used to describe growth rings. Marginal parenchyma is a form of axial parenchyma produced by some tree species in bands at the end or at the beginning of a growth season. These bands are commonly composed of less than five rows of parenchymatous cells forming a continuous layer, often visible on the transverse surface as a fine light coloured band.
Microtome sections (approximately 20 ).lm) were cut using a Reichert sledge microtome. Sections were taken from some of the selected marginal parenchyma zones previously marked. They were stained with safranin to enable the examination of the crystal chains and their subsequent photography.
Reliable meteorological data, consisting of monthly or annual rainfall records were collected for all sites where trees were sampled. Additional monthly evaporation and temperature data were also available for three sites. The identification of marginal parenchyma zones and crystalliferous chains in samples from these sites allowed estimation of annual growth rates and their comparison with meteorological parameters, see Gourlay & Kanowski (1991) and Gourlay & Barnes (in press) .
A further part of this study focused on identification of the time of year in which the marginal parenchyma bands and crystalliferous chains are produced. Stands of A. karroo near Bulawayo, Zimbabwe, were used as the basis for this work. The aim of this study was to wound the cambium of selected trees at documented time intervals in order to produce a callus which could be located and examined when the tree was felled at a later date.
Scanning Proton Microprobe (SPM)
Radial and transverse sections (20-30).lm thickness approximately) from a previously identified marginal parenchyma band were prepared from samples of Faidherbia albida (Del.) A. Chev. (syn. Acacia albida Del.), Acacia karroo Hayne and A. nilotica (L.) Willd. ex Del. They were mounted dry and unstained, and then fixed with a PV A adhesive on aluminium target stubs. The samples were analysed using the SPM. This technique exploits the interactions between a beam of fast (3 Me V) protons and the atoms of the sample. By detecting radiation or particles emitted from the sample, analytical and structural information can be obtained. Focusing the beam down to a fine spot (typically I ).lm) will give spatial information on elemental distributions (Watt & Grime 1987; Breese et al. 1992 ).
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The analytical techniques of interest to this study are Proton Induced X-ray Emission (PIXE, Johansson & Campbell 1988) and Rutherford Backscattering (RBS, Chu et al. 1978) . As the fast ions pass through the sample, there is a high probability that vacancies are created in inner electron shells of the sample atoms. When these are filled by cascades from outer levels, electromagnetic radiation with a characteristic energy is emitted, which can be used to identify and quantify the sample constituents. For the K and L shells of most elements, this radiation is in the X-ray region of the spectrum, and a lithium-drifted silicon X-ray detector is used to detect and quantify single X-ray photons emitted from the sample. This technique is analogous to electron probe microanalysis (EPMA), but because of the much larger momentum of Me V protons, the background in PIXE is much lower and elements above sodium may be detected simultaneously with a minimum detectable limit (MDL) of 1-10 ppm depending on sample and experimental conditions.
There is also a small probability that the incident protons will suffer a direct collision with the nucleus of a sample atom and recoil back out of the sample. The energy lost in the recoil depends on the mass of the target nucleus and so by measuring the energy of backscattered particles, the mass of major constituents can be determined. This technique, known as Rutherford Backscattering (RBS) was first used by Rutherford in 1911 in a famous experiment to confirm the nuclear model of the atom. It is complementary to PIXE in that the best mass resolution is obtained for light elements, although the sensitivity of RBS is lower (typically 0.1-1% MDL). RBS can also provide information on the depth distribution of elements in the sample, such as the effective thickness of a section, or whether the sample has layered structure.
Used in combination, PIXE and RBS permit simultaneous quantitative analysis of all elements in a sample with ppm detection limits for trace elements together with the distribution of major elements. Used in conjunction with a microbeam, spatial structure of micrometre dimensions can be resolved and mapped, and because of the low scattering of Me V protons, this resolution is maintained through relatively thick samples (typical range of 100 )lm in tissue) which simplifies sample preparation procedures.
Results
In 90% of the African Acacia species examined in this study, seasonal changes in the wood anatomy have been visible as bands of marginal parenchyma on the polished surface of discs or cores under low magnification, as described by Gourlay and Kanowski (1991) and Gourlay (1992) . Examination of the microtome sections of the marginal bands revealed a concentration of small crystals in continuous single or double chains, along the marginal axial parenchyma or its periphery. These crystals are rhomboidal in shape, lying in chambered cells with the greatest dimension Fig. 1 . Crystalliferous chains in the marginal parenchyma band (arrow A) and larger crystals in axial parenchyma (arrow B) in Acacia mellifera (radial section). Scale bar = 100 )lm. 141 typically in the order of 16 )lm. They are best viewed on a radial section through the marginal band ( Fig. 1: A) .
Other, larger, crystals are also present in most species, typically with a greatest dimension of 30 )lm (Fig. I: B) . The larger crystals tended also to be associated with the axial parenchyma, either as solitary crystals or short disjointed chains. In a few species solitary crystals in chambered cells were found in the ray parenchyma and on the boundary with the fibres. With samples of known age that did not possess clear marginal bands, it was still possible to determine the age of that sample by taking radial sections of the complete radius and counting the crystal chains. Examination of the sections from the xylarium samples also showed similar crystalliferous chains to be common.
From the results of the periodic wounding study it was apparent that the marginal parenchyma/crystalliferous band was produced at the onset of the dry season and, therefore, the tree did not produce wood during the dry winter period. Some abnormal wood anatomical features were observed in the xylem that was produced after wounding; the frequency of rays increased by approximately 28% unit area, and the mean vessel dimension decreased by approximately 70 )lm. There was also an increase in the frequency of vessels in clusters, see Gourlay & Barnes (in press) .
Transverse and radial sections of Faidherbia albida (syn. Acacia albida), Acacia karroo and A. nilotica were examined using the SPM at low magnification (2.5 x 2.5 mm 2). Concentrations of Ca and trace elements from the crystals in three species together with typical background levels from the surrounding wood are presented in Table 2 . The calcium distribution maps from these analyses are presented in Figure 2 . These show the characteristic patterns of the calcium -rich crystals in these species. The crystals were also examined at higher magnification from the radial section of A. karroo at a scale of 250 x 250 )lm 2 (Fig. 3) . In addition to calcium, a number of other elements were detected at trace levels and maps of P, Fe and Mn are shown respectively which demonstrate the association of these elements with the crystals. (550) - (530) - (170) K 290 (100) 0.36% (300) 0.35% (300) - (75 (40) - (60) - (60) - ( Values are given as parts per million by weight or weight % and the estimated minimum detectable limit (MDL) is given in parentheses after each value. A dash indicates that the concentration is below the MDL. The background levels were detennined from the wood adjacent to a crystal in Acacia nilatica. The PIXE data were obtained using a beam of 3 MeV protons focused to a diameter of 1 ~m. X-rays were detected using a 20 mm21ithium-drifted silicon detector (Link Systems) fitted with an X-ray absorber of 250 ~m beryllium. The total proton charge in microcoulombs is indicated for each analysis.
The composition of the crystals was investigated by positioning the beam on a selection of crystals from A. karroa and recording the PIXE and RBS energy spectra. The RBS spectrum (Fig. 4: A) shows the recorded data (points) and a theoretical simulation (solid line) of the spectrum expected from a sample comprising a layer of calcium oxalate (modelled as CaC204) with a thin layer of organic tissue (modelled as 0.7 ~m of C40). The overlying tissue appears as the sharp peak in the region of the carbon edge. The accuracy of detennining the atomic fractions in the composition has been estimated by (Davison & Grime 1993 ) to be of the order of ± 0.25, so there is a high probability that the crystal is calcium oxalate.
The PIXE spectrum (Fig. 4: B) shows the presence of an intense Ca signal and peaks from trace elements K, Mn, Fe and Sr. The spectrum also shows strong 'pile-up' peaks, spurious responses from Ca which appear at twice the energy of the Ca peaks. In further experiments to investigate the trace elements in more detail, these spurious peaks would be suppressed by fitting an X-ray absorber to reduce the Ca intensity to a low level.
Discussion
The only published study that examined crystalliferous chains in the marginal parenchyma in Acacia species and successfully related them to climatic data is that of Walter (1940) . Although John (1990) found that the abundance of crystals was strongly influenced by the mineral content of the soil, the crystals also appeared to increase in quantity with the dryness of the site. She also noted that at sites where crystals were more numerous, growth rings were more clearly defined, and found a similar pattern in another species, Cambretum apiculatum Sond. The results of other research on calcium oxalate crystals, as reviewed earlier, also seem to support the findings of this work, viz. that crystals are more numerous in arid zone species and occur at the termination of growth periods in some species.
• . .... Most discussion of crystals in woody stems has concentrated on their chemical composition and possible functions (Al-Rais et al. 1971; Milanez 1937; Muhammad & Micko 1984; Scurfield et al. 1973; Venugopal & Krishnarnurthy 1987) . Some authors have suggested that the crystals are formed as a waste product, and that they tend to be formed late in the life of individual cells. It has also recently been suggested that formation of these crystals in certain tissues may be a reversible phenomenon and that they may represent a reserve of calcium rather than an end product or waste (Deshpande & Vishwakarma 1992) . A comprehensive overview of calcium oxalate crystals in plants is presented by Franceschi and Horner (1980) . Prior and Cutler (1992) Fig. 4 . RBS (A) and PIXE (B) spectra of a single crystal in Acacia karroa. The spectra were recorded simultaneously using a beam of 3 MeV protons focused to a diameter of 1 11m with a current of 100 pA. In each case, the points represent the experimental data and the solid line is a theoretical fit generated by the software used to extract concentration data.
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phaspermum mapane Kirk ex J. Leonard) and Cambre tum apiculatum are an important influence on the fire retardant properties in these species. They found that initial combustion produced carbon monoxide which raised the temperature to 370 cC, at which point calcium oxalate breaks down releasing oxygen, leading to a more complete combustion of the carbon. This process produces carbon dioxide, which in tum acts as a flame retardant and promotes a combustion more similar to that of coal. They also noted that the presence of calcium oxalate crystals makes the trees less palatable to termites.
Others have suggested that crystals are a defence against predators, although most of this information was related to leaves and reproductive parts and did not consider wood and bark (Carlquist 1988; Kingsbury 1964) . The genus Acacia is extremely important in arid areas for the survival of livestock as browse, when grasses are in short supply. Coe and Coe (1987) made the point that the African Acacia species have evolved a wide range of features in which the activities of animals have played a profound selective role. Such characteristics range from the development of spines on their branches, which seems to have modified the feeding behaviour of browsers, to chemical defences in the foliage and pods. As a consequence of evolving alongside such animal systems, and in many instances adapting their regeneration cycles to depend on animals dispersing their seeds, crystals in Acacia species may have become more concentrated in the wood tissue than the leaves. In his study of nutrient fall and production in Faidherbia albida in Zimbabwe, Dunham (1989) found that although the elements N, P and K had maximum nutrient fall rates coinciding with fruit fall and leaf fall, the wood component was the richest in calcium. In addition, the results from the Scanning Proton Microprobe show a concentration of several important elements associated with the crystalliferous bands, suggesting that the tree concentrates various salts and metals as well as calcium oxalate in woody tissues.
Although conventional tried and tested crystallographic or biochemical methods can verify the presence of calcium oxalate and determine crystal form, the SPM facility has been found to offer unique advantages for studying the occurrence and composition of crystals in wood. These include: 1) fast mapping of major elements, which allows rapid identification of crystals and their location within the structure of the wood; 2) information on organic elements (C, N, 0) which assists in the identification of the bulk composition of the crystals; 3) the high sensitivity of PIXE allows minor and trace element concentrations to be determined for the first time both in the crystals and in the wood. This information, therefore, offers greater possibilities for the elucidation of the relationship between the environmental factors and tree growth.
